Catalytic mechanism of Escherichia coli ribonuclease III: kinetic and inhibitor evidence for the involvement of two magnesium ions in RNA phosphodiester hydrolysis by Sun, Weimei et al.
Catalytic mechanism of Escherichia coli
ribonuclease III: kinetic and inhibitor evidence
for the involvement of two magnesium ions in
RNA phosphodiester hydrolysis
Weimei Sun
1,2, Alexandre Pertzev
1 and Allen W. Nicholson
1,2,*
1Department of Chemistry and
2Center for Biotechnology, Temple University, 1901 North 13th Street, Philadelphia,
PA 19122, USA
Received October 13, 2004; Revised December 2, 2004; Accepted December 28, 2004
ABSTRACT
Escherichiacoli ribonuclease III (RNase III; EC 3.1.24)
isadouble-stranded(ds)-RNA-specificendonuclease
with key roles in diverse RNA maturation and decay
pathways.E.coliRNaseIIIisamemberofastructurally
distinct superfamily that includes Dicer, a central
enzyme in the mechanism of RNA interference.
E.coli RNase III requires a divalent metal ion for activ-
ity, with Mg
21 as the preferred species. However, nei-
ther the function(s) nor the number of metal ions
involved in catalysis is known. To gain information
onmetalioninvolvementincatalysis,therateofcleav-
age of the model substrate R1.1 RNA was determined
as a function of Mg
21 concentration. Single-turnover
conditionswereapplied,whereinphosphodiestercle-
avage was the rate-limiting event. The measured Hill
coefficient (nH) is 2.0 – 0.1, indicative of the involve-
ment of two Mg
2+ ions in phosphodiester hydrolysis.
It is also shown that 2-hydroxy-4H-isoquinoline-1,3-
dione—an inhibitor of ribonucleases that employ two
divalent metal ions in their catalytic sites—inhibits
E.coli RNase III cleavage of R1.1 RNA. The IC50 for
the compound is 14 mM for the Mg
2+-supported
reaction, and 8 mM for the Mn
2+-supported reaction.
The compound exhibits noncompetitive inhibitory
kinetics, indicating that it does not perturb substrate
binding. Neither the O-methylated version of the
compound nor the unsubstituted imide inhibit sub-
strate cleavage, which is consistent with a specific
interaction of the N-hydroxyimide with two closely
positioned divalent metal ions. A preliminary model
is presented for functional roles of two divalent metal
ions in the RNase III catalytic mechanism.
INTRODUCTION
The processing of double-stranded (ds) RNA is an essential
step in the expression and regulation of many eukaryotic and
bacterial genes (1–3). Members of the ribonuclease III (RNase
III) superfamily are primarily responsible for cleavage of
dsRNA, and participate in the maturation and degradation
of coding and noncoding RNAs (1–3). The eukaryotic
RNase III ortholog Dicer initiates RNA interference by pro-
cessingdsRNAs to21–23bpshort interfering(si)RNAs(4–6).
The siRNAs in turn are incorporated into a macromolecular
complex that identiﬁes and degrades target RNAs containing
sequences complementary to the siRNAs (7–9). Mammalian
Dicer, in conjunction with the RNase III ortholog Drosha,
cleaves precursors to microRNAs, which regulate translation
in a cistron-speciﬁc manner (10–12).
Much of what is currently known of the mechanisms of
substrate recognition and cleavage by RNase III orthologs
has been provided by studies on the Escherichia coli enzyme
[reviewed in (1,3,13–15)]. Cellular and viral substrates of
E.coli RNase III typically possess a dsRNA element of  20 bp
and are cleaved in a site-speciﬁc manner which is required for
the proper function of the mature species, or for efﬁcient
degradation. E.coli RNase III functions as a homodimer, with
the subunit polypeptide (226 amino acids) containing an
N-terminal nuclease domain and a C-terminal dsRNA-binding
domain (dsRBD) (Figure 1A). The latter domain consists of a
single copy of the dsRNA-binding motif (dsRBM), which is
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The dsRBD is important for RNase III activity in vivo (18)
and under standard reaction conditions in vitro (19). However,
a truncated version of RNase III containing only the nuclease
domain retains the ability to cleave substrate in vitro in the
presence of low salt and Mn
2+ ion (19). The nuclease domain
contains highly conserved residues important for activity,
including an aspartic acid at position 45 and a glutamic
acid at position 117 (Figure 1A). A crystallographic analysis
of the nuclease domain of Aquifex aeolicus RNase III reveals
a homodimeric structure, with the subunit polypeptide
exhibiting a novel, all-alpha fold (20).
The catalytic mechanism of E.coli RNase III is only
partly deﬁned. A divalent metal ion is a required cofactor,
with Mg
2+ most likely the physiologically relevant species
(21–23). Mn
2+,C o
2+ and Ni
2+ also support catalysis, while
Ca
2+,Z n
2+ and Sr
2+ are inactive (23–25). The nuclease
domain of A.aeolicus RNase III, crystallized in the presence
of Mg
2+ or Mn
2+, reveals a single metal ion bound to each of
the two active sites (20,26). However, the structural data
do not shed light on the number of metal ions needed for
catalysis. Moreover, the probable occurrence of two active
sites in the holoenzyme prompts the question whether one
or more metal ions must bind to both sites to support activity.
To address these questions, we present kinetic- and inhibitor-
based analyses of the divalent metal ion dependence of E.coli
RNase III. The data are used to develop a preliminary model
for divalent metal ion function in the RNase III catalytic
mechanism.
MATERIALS AND METHODS
Materials
Water was deionized and distilled. Chemicals and reagents
were of molecular biology grade and were obtained from
Sigma (St Louis, MO) or Fisher Scientiﬁc (Chicago, IL).
Standardized 1 M solutions of MgCl2 and MnCl2 were
obtained from Sigma. The radiolabeled ribonucleoside 50-
triphosphates [a-
32P]CTP (3000 Ci/mmol) and [a-
32P]UTP
(3000 Ci/mmol) were from Perkin-Elmer (Boston, MA),
while unlabeled ribonucleoside 50-triphosphates were from
Amersham-Pharmacia Biotech (Piscataway, NJ). T7 RNA
polymerase was puriﬁed in-house as described in (27).
2-hydroxy-4H-isoquinoline-1,3-dione was synthesized acc-
ording to Edaﬁogho and coworkers (28) using homophthalic
anhydride as starting material. 2-Methoxy-1,3(2H,4H)-
isoquinolinedione was synthesized according to Bouzide (29)
using 2-hydroxy-4H-isoquinoline-1,3-dione as starting mater-
ial. 1,3(2H,4H)-Isoquinolinedione was synthesized according
to Crockett and coworkers (30). Stock solutions of the
compounds were prepared in ethanol and stored at  20 C.
Protein overexpression and purification
Puriﬁcation of N-terminal (His)6-tagged RNase III is
described elsewhere (25). Brieﬂy, enzyme was overproduced
in IPTG-treated E.coli BL21(DE3)rnc105, recA cells contain-
ing plasmid pET-15b(rnc) (25), and puriﬁed from the super-
natant fraction of sonicated cell lysates using an immobilized
Figure1. E.coliribonucleaseIIIandthephageT7substrate,R1.1RNA.(A)DomainstructureoftheE.coliRNaseIIIpolypeptide.Thepositionsofseveralconserved
residuesinthenucleasedomainareindicated.(B)SequenceandstructureofR1.1RNA.ThesecondarystructureisthatoriginallyproposedbyDunnandStudier(31).
Thecleavagesiteisindicatedbythearrow,withthetwoproductsofcleavage47and13ntinsize.(C)GelelectrophoreticpatternofR1.1RNAcleavage,showingthe
requirementforMg
2+.Experimentalconditionsinvolvedincubationofinternally
32P-labeledR1.1RNA(synthesizedusing[a-
32P]UTP)withRNaseIIIfor5minat
37 C (see Materials and Methods). The reaction products were separated by electrophoresis in a 15% polyacrylamide gel and then visualized by phosphorimaging.
The partial reaction displayed is similar to the gel electrophoretic patterns analyzed in the kinetic analyses (see Results).
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2+ afﬁnity column (HisBind resin, Novagen). Protein was
extensively dialyzed against 1 M NaCl, 60 mM Tris–HCl
(pH 7.9) and stored at  20 C in a 50% glycerol-containing
buffer, consisting of 0.5 M NaCl, 30 mM Tris–HCl (pH 7.9),
0.5 mM DTT and 0.5 mM EDTA. Protein concentrations
were determined by the Bradford assay, using bovine serum
albumin as the standard. The (His)6 tag was not removed, as it
has only a minor effect on activity (25). For convenience,
(His)6-RNase III will be referred to in this report as RNase III.
Substrate synthesis and purification
R1.1 RNA (Figure 1B) is a small substrate that corresponds to
the R1.1 processing signal within the phage T7 polycistronic
early mRNA precursor (31,32). R1.1 RNA was enzymatically
synthesized and puriﬁed as described in (25,33). Internally,
32P-labeled R1.1 RNA was prepared by including [a-
32P]CTP
or [a-
32P]UTP in the transcription reaction. The speciﬁc activ-
ityof
32P-labeled R1.1RNAwas 100Ci/mol,andwasstoredat
 20 C in 10 mM Tris–HCl (pH 7.5), 1 mM EDTA.
Substrate cleavage assay
Cleavage assays were performed essentially as described
(19,25,34) using internally
32P-labeled R1.1 RNA, puriﬁed
RNase III (see above) and buffer consisting of 160 mM
NaCl, 30 mM Tris–HCl (either pH 6.8 or 7.9, as indicated),
5 mM spermidine, 0.1 mg/ml tRNA, 0.1 mM DTT and 0.1 mM
EDTA. The salt concentration was identical in all assays.
Reactions were initiated by addition of either RNase III or
divalent metal ion to the mixture, which was pre-incubated at
37 C for 5 min. Essentially, the same cleavage rates were
obtained by either method. Reactions were allowed to proceed
for 10 s at 37 C and stopped by adding EDTA (20 mM ﬁnal
concentration). Other speciﬁc experimental conditions are
provided in the appropriate ﬁgure legends. Reactions were
electrophoresed as described previously (19,25,34) in a
15% polyacrylamide gel containing TBE buffer and 7 M
urea, and were visualized by phosphorimaging (Amersham
Biosciences Storm 860 system or Typhoon 9400 system).
Substrate cleavage rates were measured using ImageQuant
software. Kinetic parameters were determined by curve ﬁtting
using KaleidaGraph, v3.5 (Synergy Software).
RESULTS
Kinetic analysis of the Mg
2+ concentration dependence
of RNase III cleavage of R1.1 RNA
E.coli RNase III cleavage of substrate follows Michaelis–
Menten kinetics (Scheme 1) (23,24). In this scheme, E is
RNase III; S, substrate; M, Mg
2+, n, the number of Mg
2+
ions and P, products.
The rate of substrate cleavage exhibits an apparent hyper-
bolic dependence on the Mg
2+ concentration, with maximal
activity attained by  5m MM g
2+ and a K
Mg (pH 7.5) of
 0.5 mM (34). Scheme 2 (see above) incorporates the obser-
vations that RNase III can bind substrate in the absence of
divalent metal ion, and that substrate binding may promote
metal ion binding (24,34,35).
In this scheme, K
M is the metal ion dissociation constant for
the enzyme–substrate complex. The two schemes provide a
kinetic approach to determine the number of Mg
2+ ions
required for catalysis. Since the rate constant (k1) for substrate
bindingtoE.coliRNaseIIIis 1·10
8M
 1s
 1(24),andsince
the apparent dissociation constant (K0
d = k 1/k1) of the RNase
III–substrate complex is  2 nM (34), the calculated dissoci-
ation rate constant (k 1) is 0.18 s
 1. A pulse-chase kinetic
study of RNase III cleavage of R1.1 RNA (24) revealed
that the rate constant for the cleavage step (k2)i s>10-fold
slower than thedissociation rate constant (k 1).Based on these
observations, experimental conditions were chosen such that
the pseudo ﬁrst-order rate constant for substrate binding is
substantially greater than the cleavage rate constant. These
conditions would provide kobs values that reﬂect only the
rate of the chemical step. Also, use of single-turnover reaction
conditions served to eliminate any contribution to the rate of
events subsequent to cleavage, product release in particular.
Based on Scheme 1, and assuming rapid equilibration of sub-
strate and metal ion binding to enzyme, Equation 1 describes
the dependence of the observed rate constant on the divalent
metal ion concentration:
kobs ¼ k2 M ½ 
n= KM þ M ½ 
n 
1
Here, kobs (min
 1) is the initial rate, normalized to the total
enzyme concentration; k2 is the rate constant for phosphodi-
ester bond cleavage; [M] is the divalent metal ion concentra-
tion; n is the number of divalent metal ions needed for
hydrolysis; and K
M the apparent metal ion dissociation con-
stant for the enzyme–divalent metal ion–substrate complex.
The best-ﬁt curve of data to Equation 1 would indicate the
number of divalent metal ions needed for catalysis, and would
alsoprovidetheapparentmetaldissociationconstantaswellas
the rate constant for phosphodiester cleavage. Finally, the
assumption in the kinetic schemes is that RNase III is cata-
lytically active only when divalent metal ion occupies all
functionally essential binding sites (i.e. an ‘all-or-none’ func-
tional cooperativity of metal ion).
The rate of RNase III cleavage of an internally
32P-labeled
model substrate was measured as a function of Mg
2+ concen-
tration at pH 6.8, and using conditions described above and in
Materials and Methods. R1.1 RNA (Figure 1B) was used as
substrate, since it undergoes cleavage at a single phosphodi-
ester bond (31,32), and provides an easily quantiﬁable gel
electrophoretic pattern (Figure 1C). Figure 2 shows the
dependence of kobs on the Mg
2+ concentration. The best-ﬁt
curve of the kinetic data to Equation 1 used a value of n = 2.
E + S 
nM
E • Mn • S 
H2O 
k2 
E • Mn • P  E • Mn + P
Scheme 1.
E • Mn• S E • Mn • P
K
M
k2 
E • S + nM
E + S 
k1 
E • S 
k-1
Scheme 2.
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Equation 2.
log kobs= kmax
obs   kobs
 
¼ nH log M ½    logKM 2
Here,nH(Hillcoefﬁcient)correspondstotheslopeofthecurve
in the region of half-maximal reaction velocity. Assuming an
‘all-or-none’ functional cooperativity (see above), the Hill
coefﬁcient would indicate the number of divalent metal
ions needed for the catalytic step (36,37). The inset diagram
in Figure 2 is a plot of the kinetic data according to Equation 2.
The best-ﬁt line has a slope (nH value) of 2.0 – 0.1 (Table 1).
A similar kinetic analysis carried out at pH 7.9 provided an
nH of 2.0 – 0.1 (Table 1). In summary, the measured Hill
coefﬁcients indicate the involvement of two Mg
2+ ions in
the hydrolysis of the single scissile bond of R1.1 RNA.
N-hydroxyimide inhibition of Mg
2+-supported
cleavage of R1.1 RNA by RNase III
Speciﬁc N-hydroxyimides, including 2-hydroxy,4H-
isoquinoline-1,3-dione(compound1, seeFigure3A) areinhib-
itors of several ribonucleases that employ two divalent metal
ions in their catalytic sites (38–40). It has been proposed that
inhibition derives from a stereochemically compatible inter-
action of the N-hydroxy and keto functional groups with two
divalent metal ions separated by  4A ˚ in the active site
(38–40). There is evidence that the enol form of the compound
interacts with the divalent metal ion (38). Given the mode of
interaction of the compound with metal ion, 2-hydroxy,4H-
isoquinoline-1,3-dione is a potentially informative probe of
metal ion occupancy of enzyme active sites. We determined
whether the N-hydroxyimide could inhibit RNase III cleavage
of R1.1 RNA. A cleavage assay (Figure 3A) reveals a strong
inhibitory effect of the N-hydroxyimide, with a concentration
of 14 – 2 mM providing half-maximal inhibition (Figure 3C).
Thisvalue can be comparedto the IC50 values forthe inﬂuenza
virus cap-dependent endoribonuclease (15 mM) (38), and
for the HIV RNase H (0.4–0.6 mM) (39,40). Methylation of
the hydroxyl group abolishes the inhibitory action of the
N-hydroxyimide towards the other ribonucleases, presumably
due to steric interference of metal ion binding (38,39). Here
also, O-methylation relieves the inhibitory action of the
N-hydroxyimide(Figure3BandC). Finally, thecorresponding
imide (i.e. 1,3[2H,4H]-isoquinolinedione), which lacks the
N-hydroxyl group, and which is expected to possess a weaker
afﬁnity for metal, also is an ineffective inhibitor (data not
shown).
Studies suggest that 2-hydroxy,4H-isoquinoline-1,3-dione
inhibits ribonuclease activity in a reversible manner
(38–40). To gain additional information on the mode of
inhibition of RNase III, the dependence of the rate of cleavage
of R1.1 RNA was determined as a function of the
N-hydroxyimide concentration and substrate concentration.
A double-reciprocal analysis (Figure 4) reveals noncompetit-
ive inhibitory behavior. This mode of inhibition indicates that
substrate recognition by RNase III under catalytic conditions
is not affected by the N-hydroxymide. A gel mobility shift
assay (data not shown) reveals that the N-hydroxyimide also
does not cause dissociation of the R1.1 RNA–RNase III com-
plex, formed under noncatalytic conditions. These lines of
evidence indicate that the N-hydroxyimide inhibits substrate
cleavage by a mechanism that does not involve inhibition of
substrate binding (see also Discussion).
N-hydroxyimide inhibition of Mn
2+-supported
cleavage of R1.1 RNA by RNase III
E.coli RNase III can use Mn
2+ as a cofactor, with a concen-
tration of  1–2 mM conferring optimal activity (21,34). The
question arises whether a two metal ion mechanism is applic-
able to an alternative species. Since the determination of the
Hill coefﬁcient for the Mn
2+-dependent cleavage reaction is
precluded by the inhibitory effect of higher Mn
2+ concentra-
tions (21,34), we examined instead the effect of the
N-hydroxyimide on cleavage of R1.1 RNA by RNase III in
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Figure 2. Mg
2+ concentration dependence of the rate of substrate cleavage.
Cleavage reactions involved internally
32P-labeled R1.1 RNA (1.1 mM) and
RNaseIII(790nM)(seeMaterialsandMethods).Cleavagerateswerebasedon
the production of the 47 nt product (see Figure 1B and C). The kobs values
(min
 1) were determined and plotted as a function of the Mg
2+ concentration
according to Equation 1 (see Results). The best-fit curve used an n value of 2.
TheinsetdisplaystheHillanalysisofthekineticdata.Here,thekobsvalueswere
plotted as a function of the log of the Mg
2+ concentration according to
Equation 2 (see Results). The slope of the best-fit line is 2.0, with a standard
error of –0.1.
Table 1. Hill coefficients and apparent Mg
2+ dissociation constants
a
pH 6.8 pH 7.9
nH (Mg
2+) 2.0 – 0.1 2.0 – 0.1
K
Mg (mM
2) 0.78 – 0.18 0.16 – 0.01
Kd
Mg(mM)
b 0.88 – 0.04 0.40 – 0.03
aCleavage assays were performed as described in Materials and Methods.
bTheapparentdissociationconstantforMg
2+(Kd
Mg)iscalculatedasthesquare
root of the K
Mg (see Equation 1) and assumes that the two Mg
2+ ions that are
required for cleavage bind with comparable affinities. The apparently stronger
bindingofMg
2+athigherpHisconsistentwiththeobservedpHdependenceof
the cleavage rate at subsaturating Mg
2+ concentrations (24).
810 Nucleic Acids Research, 2005, Vol. 33, No. 3the presence of 2 mM Mn
2+. A representative cleavage assay
(Figure 5A) shows that the compound also inhibits the Mn
2+-
supported reaction, with an IC50 of 8 – 1 mM (Figure 5B).
Neither the O-methylated form of the N-hydroxyimide nor the
unsubstituted imide inhibits cleavage to a signiﬁcant extent
(data not shown). The similarity of N-hydroxyimide inhibition
of the Mn
2+- and Mg
2+-supported substrate cleavage reactions
indicates that RNase III can also employ two Mn
2+ ions in its
catalytic mechanism.
DISCUSSION
This study has provided evidence for the involvement of two
divalent metal ions in the hydrolysis of an RNA phosphodi-
ester by E.coli RNase III. The dependence of the cleavage
rate on the Mg
2+ ion concentration and the potent inhibition
by an N-hydroxyimide provide independent experimental
approaches that yield congruent results. It may be argued
that an additional metal ion(s) is involved in catalysis,
which would not be detected in the kinetic assays if it were
tightly bound to RNase III. However, the protein puriﬁcation
procedure involves extensive dialysis, and the crystal structure
of the Aquifex aeolicus RNase III nuclease domain, determ-
ined in the absence of added divalent metal ion, is devoid of an
intrinsic (i.e. tightly bound) metal (20).
The N-hydroxyimide inhibition not only indicates that two
metal ions are involved in catalysis, but that they are closely
positioned. The structure of the A.aeolicus RNase III nuclease
domain reveals a binding site for a single metal ion at each end
of the subunit interface (20,26) (Figure 6A and B). However,
since the distance between the twosites is considerably greater
than  4 s, the two metal ions seen in the crystal structure
do not represent a pair consistent with the N-hydroxyimide
Figure 3. N-hydroxyimideinhibitionof R1.1RNAcleavageby RNaseIII in the presenceof Mg
2+ion.(A) Cleavageassaycarriedoutin the presenceof increasing
concentrations of 2-hydroxy-4H-isoquinoline-1,3-dione (structure shown above gel image). The amount of internally
32P-labeled R1.1 RNA (synthesized using
[a-
32P]CTP)was10–40nmol,andtheamountofRNaseIIIwas 100fmol.MgCl2(10mMfinalconcentration)wasaddedtoinitiatethereaction,withareactiontime
of 2 min at 37 C. Reactions were electrophoresed in a 15% polyacrylamide gel and visualized by phosphorimaging (see Materials and Methods for additional
information). Lane 1 displays a reaction where substrate was incubated with RNase III in the absence of Mg
2+. Lane 2 displays a reaction where substrate was
incubatedwithMg
2+intheabsenceofRNaseIII.Lane3isthecompletereaction,butwithoutaddedinhibitor.Lanes4–13displayreactionscarriedoutinthepresence
of2.5,5,7.5,10,12.5,15,17.5,20,22.5and25mMinhibitor,respectively.Lane14isacontrolreactionlackinginhibitor,butcontainingthesameamountofethanolas
inthereactioninlane13.ThepositionofR1.1RNAisshownontheleftandthepositionsofthetwoproductfragmentsareontheright.Theasterisksindicatepositions
of small amounts of nonenzymatic breakdown products. (B) Cleavage assay carried out in the presence of increasing concentrations of 2-methoxy-1,3(2H,4H)-
isoquinolinedione(structureshownabovethegelimage).Thereactionsinlanes1–3correspondtothoseoflanes1–3intheexperimentshownin(A)(seeabove),and
thereactionsinlanes4–8contain5,10,25,100and250mMofthecompound,respectively.Lane9isacontrolreactionlackingthecompound,butcontainingthesame
amountofethanolasinthereactioninlane8.(C)GraphicrepresentationoftheinhibitoryactionoftheN-hydroxyimide.Thesolidtrianglesrepresentthepercentage
inhibition of cleavage by the N-hydroxyimide. The solid squares indicate inhibition by the O-methylated N-hydroxyimide. The open circle represents the effect of
ethanol alone on the cleavage reaction.
Figure 4. Noncompetitiveinhibitorybehaviorof2-hydroxy-4H-isoquinoline-
1,3-dione. The initial rate of cleavage of 50-
32P-labeled R1.1 RNA was
measured in the presence of several concentrations of the N-hydroxyimide.
The RNase III concentration was 10 nM and the buffer consisted of 160 mM
NaCl,10mMMgCl2,30mMTris–HCl(pH7.9),0.1mMEDTA,0.1mMDTT,
5% glycerol and 5 mg/ml tRNA. The reaction was initiated by adding MgCl2
and quenched by adding EDTA (20 mM) final concentration. Reaction times
were 0.5 and 1 min (37 C), and the N-hydroxyimide concentrations were 0, 10
and 20 mM (designated by the filled circles, open circles and filled
triangles, respectively). The best-fit lines in the double-reciprocal plot exhibit
different y-intercepts but share the same x-intercept, consistent with a non-
competitive (mixed) mode of inhibition (36,37) (see also Discussion). The
Km and kcat values for the reaction in the absence of inhibitor are 14 nM
and 2.5 min
 1, respectively. These can be compared with values of 42 nM
and 1.16 min
 1, as determined in a separate study of R1.1 RNA cleavage
kinetics (24).
Nucleic Acids Research, 2005, Vol. 33, No. 3 811inhibition. A more consistent model would be one in which
catalytic activity requires binding of an additional Mg
2+ to one
or both sites (Model 1, Figure 6A). This model would include
the possibility that binding of the second metal is promoted by
substrate binding, as is seen with other phosphotransferases
(41,42). Other experimental results are consistent with this
model. Thus, while the inactivity of the RNase III[E117K]
mutant (34,35) probably is due to disruption of metal binding
to each active site (20), catalytic activity is retained by
a mutant heterodimer in which one subunit (and therefore
only one active site) carries the E117K mutation (44) or the
E117A mutation (W. Meng and A.W. Nicholson, unpublished
experiments). The retained activity of the heterodimer is
incompatible with the model in which catalytic activity
requires the binding of a single Mg
2+ to each active site
(Model 2, Figure 6A).
The noncompetitive inhibitory behavior of the
N-hydroxyimide indicates that the compound does not disrupt
enzyme–substrate binding. However, this behavior does not
necessarily suggest that substrate and inhibitor can simultan-
eously bind to the active site. It has been shown elsewhere (19)
that the dsRBD is the primary determinant of substrate recog-
nition by E.coli RNase III. It is therefore possible that the
inhibitor disrupts engagement of substrate by the active site
inthenucleasedomain,withoutinhibitingsubstratebindingby
the dsRBD. The N-hydroxyimide inhibition shares a formal
similarity to the effect of ethidium bromide, which reversibly
inhibits cleavage without disrupting substrate binding by the
dsRBD (45). In the latter situation, ethidium binds substrate to
form a complex that is resistant to cleavage, yet is still com-
petent to bind RNase III. It is possible that the structure of the
enzyme–substrate complex in the presence of either inhibitor
may be similar to structure of A.aeolicus RNase III bound to
dsRNA in a catalytically unreactive conformation (26).
Further structural studies will be needed to determine the
precise mode of binding of the N-hydroxyimide to RNase
III and characterize the speciﬁc features of the substrate–
inhibitor–enzyme complex.
A proposed catalytic mechanism for E.coli RNase III
Figure 6B shows the features of a possible catalytic mechan-
ism involving two magnesium ions. This mechanism assumes
an SN2(P) reaction pathway that involves inversion of conﬁg-
uration at phosphorus, for which there is preliminary experi-
mental evidence (24). One of the metal ions may serve to
activate the water nucleophile. This function is based on
the presence of several water molecules directly coordinated
to the bound metal (20), and that the rate of the hydrolysis step
is dependent on the pKa of the metal (24). Water activation
also may involve participation of the D45 side chain, which is
within hydrogen-bonding distance of one of the metal-bound
waters (Figure 6B) (20). The functional role(s) as well as the
speciﬁc location of the second Mg
2+ ion are more speculative,
since the crystallographic study showed only one metal ion in
each active site (20). However, two functions can be proposed,
based on other phosphodiesterases that employ two metal ions
[e.g., see (46,47)] and the chemical requirements for efﬁcient
catalysis ofphosphotransfer(48–50).One role inthe presumed
SN2(P) reaction path would be enhancement of phosphorus
electrophilicity and stabilization of a transition state, both of
which can be achieved through neutralization of negative
charge on the non-bridging phosphodiester oxygens. A second
rolewould beenhancement of30-oxygenleavinggroupability,
Figure 5. 2-hydroxy-4H-isoquinoline-1,3-dione inhibition of R1.1 RNA cleavage by RNase III in the presence of Mn
2+ ion. (A) Cleavage assay carried out in the
presenceofincreasingconcentrations of2-hydroxy-4H-isoquinoline-1,3-dione(structureshownabovegel image).Theamountof internally
32P-labeledR1.1RNA
(synthesizedusing[a-
32P]UTP)was10–40nmolandtheamountofRNaseIIIwas100fmol.MnCl2(2mMfinalconcentration)wasaddedtoinitiatethereaction,with
areactiontimeof2min.Reactionswereelectrophoresedina15%polyacrylamidegelandvisualizedbyphosphorimaging(seeMaterialsandMethodsforadditional
information). Lane 1 displays a reaction where substrate was incubated with RNase III in the absence of Mn
2+. Lane 2 displays a reaction where substrate was
incubatedwithMn
2+intheabsenceofRNaseIII.Lane3isthecompletereaction,lackinginhibitor.Lanes4–15displayreactionscarriedoutinthepresenceof0.5,1,
2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5 and 25 mM inhibitor, respectively. Lane 16 displays a control reaction lacking inhibitor, but containing the same amount
of ethanol as in the reaction in lane 15. The position of R1.1 RNA is shown on the left and the positions of the two product fragments are indicated on the right.
(B) Graphic representation of the inhibitory action of the N-hydroxyimide on the Mn
2+-supported cleavage reaction. The solid rhombuses (average of three
experiments) represent inhibition by the N-hydroxyimide. The open circle represents the effect of ethanol alone on cleavage of substrate (reaction in lane 16).
812 Nucleic Acids Research, 2005, Vol. 33, No. 3either by water-mediated protonation or through direct
coordination (Figure 6B). As mentioned above, the binding
site for the second metal ion may be dependent upon substrate
binding. It is also possible that binding of the N-hydroxyimide
could promote the binding of the second metal ion. If so, this
pathway would obviate the need for substrate binding, if this
event is a necessary prerequisite for creating the second metal
binding site, and if substrate binding and inhibitor binding to
the active site are mutually exclusive (see above).
A dual catalytic mechanism for RNase III has been pro-
posed in which the two phosphodiesters at a dsRNA target site
are cleaved by separate chemical reactions, involving different
groups of residues and/or metal ion(s) in the active site (20).
The single-site reactivity of R1.1 RNA would necessarily
involve only one of the two proposed chemistries. Alternat-
ively, it is possible that a single catalytic mechanism is
responsible for cleavage of both phosphodiesters at a given
dsRNA target site. Here, each phosphodiester would be
cleaved in a random initial order manner, and a structural
change in the enzyme–substrate complex following cleavage
of the ﬁrst phosphodiester would allow cleavage of the second
bond (3).
The N-hydroxyimide inhibition of the Mn
2+-supported reac-
tion indicates that the catalytic mechanism also can employ
two Mn
2+ ions, positioned  4A ˚ apart. Furthermore, the obser-
vation that Mg
2+ and Mn
2+ at their respective optimal con-
centrations confer similar catalytic efﬁciencies (34) provides
additional evidence that RNase III can effectively use an
alternative metal. Moreover, with the evidence indicating
a two-metal-ion catalytic mechanism, the observation that
higher Mn
2+ concentrations inhibit RNase III provides further
evidence for a third binding site on the enzyme that is speciﬁc
for Mn
2+ (34).
It is likely that most if not all RNase III orthologs employ
the same active site chemistry. Zhang and coworkers determ-
ined that mammalian Dicer is active in monomeric form, and
that the tandem nuclease domain sequences associate in an
intramolecular fashion, forming an internal dimeric structure
formally equivalent to the homodimeric structure of bacterial
RNase III (51). The pattern of cleavage of miRNA precursors
suggests that both catalytic sites are employed in the pro-
cessing reaction, at least for this class of substrate. It therefore
would be anticipated that four metal ions (i.e. two in each site)
would be needed for miRNA production, if the two cleavage
events derive from a single binding event.The identiﬁcation of
RNase III-like polypeptides in the Leishmania tarentolae
mitochondrial RNA editing complex (52) suggests that the
cleavage eventsassociatedwithuridineinsertion/deletionedit-
ing have a similar divalent metal ion requirement. A formal
similarity of E.coli RNase III and E.coli RNase HI has been
noted (19,34), in particular with respect to inhibition by Mn
2+.
However, E.coli RNase HI apparently requires only a single
Mg
2+ ion (53,54), which may function to bind a water
molecule that protonates the 30-oxygen leaving group (55).
Also, the water nucleophile may be activated by a histidine
side chain acting as a general base, rather than by a divalent
metal ion (55).
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